EPITHELIAL TRANSPORT FUNCTIONS are dynamically regulated in response to changing physiological conditions. Tight junction permeability is also dynamically regulated under various physiological conditions, and permeability varies along the length of the nephron. Different cell types within the nephron are produced during kidney development. These cells express different sets of genes that are reflected in different cell physiology and intracellular signaling mechanisms.
Epithelial junctional complexes include tight junctions and adherens junctions. Tight junctions, the apical-most junctional complex in epithelial cells, play a crucial role in maintaining epithelial cell polarity and regulating paracellular movement of solutes and ions across the epithelium (5, 8, 12, 24) . Integral membrane proteins of the tight junction, occludin and claudin, are linked to the underlying actin cytoskeleton via their interaction with zonula occludens-1 (ZO-1) (36) . Adherens junctions are adhesive structures formed by homotypic interactions between cadherin molecules on adjacent cells. The cytoplasmic domain of cadherins associates with ␤or ␥-catenin, and this complex is linked to the actin cytoskeleton by interaction with ␣-catenin (59) .
Junctional complexes are also dysregulated by disrupted intracellular signaling pathways and as a pathophysiological consequence of disease (7, 36, 48) . Disruption of the actin cytoskeleton and disassembly of junctional complexes play a major role in the pathophysiology of renal ischemia (37) . Both the actin cytoskeleton and junctional complex assembly are regulated by members of the Rho GTPase family, and activation of the Rho signaling pathway protects tight junction assembly and the actin cytoskeleton during ATP depletion (an in vitro model for renal ischemia) (21, 43) .
Rho GTPase (a member of the Ras superfamily of small GTP binding proteins) cycles between an active, GTP-bound conformation and an inactive, GDP-bound conformation, thereby regulating cell behavior and proliferation. Rho activation state is regulated by guanine nucleotide exchange factors (GEF), GTPase activating proteins (GAP), and guanine nucleotide dissociation inhibitors (GDI) (27) . Rho GTPase regulates the formation of actin stress fibers and focal adhesions in various cell types (46) . In epithelial cells, Rho signaling regulates tight junction assembly and function (21, 26, 40) . Rho GTPase activity also controls establishment of cadherin-dependent cell-cell contacts in epithelial cells (11, 17, 20, 53) .
Signaling pathways that activate Rho GTPase have not been completely characterized. Recently, the calpain inhibitor calpeptin was shown to activate Rho GTPase in fibroblasts by targeting the protein tyrosine phosphatase (PTPase) SH2-containing phosphatase-2 (SHP-2), which is an upstream inhibitor of Rho GTPase activity (49, 50) . The effect of calpeptin on the Rho signaling pathway is independent of its effect on calpain. The SHP-2-Rho GTPase pathway was also previously shown to control hepatocyte growth factor-mediated cell scattering and to modulate the assembly/ disassembly of stress fibers in Madin-Darby canine kidney (MDCK) cells (30) . We have analyzed the effect of calpeptin in two epithelial cell lines, MDCK and LLC-PK cells. Calpeptin regulated stress fiber and junctional complex assembly differently in these two epithelial cell lines, indicating that cell type-specific differences exist in these pathway(s).
MATERIALS AND METHODS
Cells and reagents. MDCK type II cells were maintained in Dulbecco's modified Eagle's medium (DMEM; GIBCO BRL, Gaithersburg, MD) supplemented with 10% fetal bovine serum with penicillin, streptomycin, and glutamine (GIBCO Invitrogen, Grand Island, NY). LLC-PK porcine proximal tubule cells [American Type Culture Collection (ATCC), Manassas, VA] were maintained in 1:1 DMEM/F-12 (Sigma Chemical, St. Louis, MO) medium containing 10% fetal bovine serum, penicillin, and streptomycin. NIH-3T3 cells were maintained in DMEM supplemented with 10% fetal bovine serum, penicillin, and streptomycin.
Calpeptin and calpain inhibitor-1 (CI-1) were purchased from Calbiochem (San Diego, CA). Other chemicals were purchased from Sigma or Midwest Scientific (St. Louis, MO).
Rhodamine-phalloidin was purchased from Molecular Probes, (Eugene, OR). Antibodies against ZO-1 and occludin were from Zymed (San Francisco, CA). Monoclonal antibody 9E10 against the myc epitope was from Covance (Berkeley, CA). Monoclonal antibody (MAb) against RhoA was from Santa Cruz Biotechnology, (Santa Cruz, CA). The antibodies against p120ctn, E-cadherin, and horseradish peroxidase (HRP)-conjugated anti-phosphotyrosine antibody were purchased from BD Biosciences (San Diego, CA). The polyclonal antibodies against E-cadherin and ␤-catenin have been previously described (20, 35) . MAb against E-cadherin (rr-1) was purchased from the Developmental Studies Hybridoma bank (maintained by the Department of Biological Sciences, University of Iowa, Iowa City, IA, under contract from National Institute of Child Health and Human Development).
Inhibitor treatment. NIH-3T3, MDCK, or LLC-PK cells were plated at a density of 2.0 ϫ 10 5 per 35-mm culture dish. At 72 h postplating, cells were treated with CI-1 (10 M) or calpeptin (100 g/ml) diluted from DMSO stock solutions for 30 min at 37°C. DMSO (0.2% vol/vol) treatment was performed as a vehicle control for 30 min at 37°C. NIH-3T3 cells were serum-starved for 12 h before inhibitor treatment.
Transient transfection. MDCK or LLC-PK cells were plated at 2.5 ϫ 10 5 per 35-mm culture dish. Cells were transfected 24 h later with 1.5 g each of plasmids encoding RhoA-V14 or RhoA-N19 controlled by SV40 promoters (generously provided by Dr. Marc Symons, Picower Institute for Medical Research, Manhasset, NY) with Lipofectamine, according to manufacturer's protocol (Invitrogen, Carlsbad, CA). Cells were incubated with transfection mixture for 3-4 h. This mixture was then replaced with normal growth medium. Cells were analyzed at 30 h after transfection.
Preparation of GST Rho kinase binding domain. The pGEX vector encoding the Rho kinase Rho binding domain (ROK-BD, amino acids 941-1,075; a kind gift from Dr. Kaibuchi) (1) was transformed into Escherichia coli strain, BL21. Production of the fusion protein was initiated with isopropyl ␤-D-thiogalactopyranoside (IPTG). The fusion protein was isolated by binding to S-hexylglutathione-agarose. The glutathione S-transferase (GST)-bound fusion proteins bound to glutathione agarose (GST-ROK-BD) was stored aliquoted in liquid nitrogen for no more than 1 mo (9) .
Rho GTPase pull-down assay. After cells were treated with inhibitors, they were rinsed once in phosphate-buffered saline (PBS) and lysed in buffer A [25 mM Tris ⅐ HCl, pH 7.5, 150 mM K acetate, 5 mM EDTA, 5 mM EGTA, 1 mM DTT, 10% glycerol, 1% TX-100, 60 mM OG (n-octyl ␤-D-glucopyranoside), and 1 mM PMSF, 1 mM benzamidine, 1 g/ml pepstatin A, 40 g/ml bestatin, 5 g/ml leupeptin, 2 g/ml aprotinin, and 100 M butyrated hydroxy toluene] for 10 min on ice. Lysates were cleared by centrifugation for 5 s at 15,000 g. Lysate (25 l) was then incubated with 30 l of GST Rho kinase binding domain (GST ROK-BD) for 1 h at 4°C with rotation. Beads were washed three times in buffer B (25 mM Tris ⅐ HCl, pH 7.5, 150 mM K acetate, 5 mM EDTA, 5 mM EGTA, 1 mM DTT, and 10% glycerol). The unbound fractions from each wash were pooled, and TCA was precipitated. Beads were dried using a Speedvac (Savant Instruments, Holbrook, NY). Beads and TCA precipitates were resuspended in 50 l of 2ϫ SDS sample buffer (100 mM Tris ⅐ HCl, pH 6.8, 100 mM DTT, 2% SDS, 0.1% bromophenol blue, and 10% glycerol) and heated to 70°C for 5 min. Equal volumes from each fraction were analyzed on a 15% SDS polyacrylamide gel, transferred to Immobilon P SQ (Millipore, Bedford, MA), and analyzed by Western blotting with an anti-RhoA antibody. Immunoblots were quantified using a Fluor-S Mul-tiImager (Bio-Rad, Hercules, CA), and the results were presented as a ratio of active to inactive RhoA.
Paracellular permeability measurements. Cells were plated at a density of 2 million cells per filter on sixwell polycarbonate filter inserts (Corning-Costar, Kennebunk, ME) and grown for 6 days. Cells were washed in Ringer's buffer containing calcium (10 mM HEPES, pH 7.4, 154 mM NaCl, 7.2 mM KCl, and 1.8 mM CaCl2). Ringer's buffer was added to the apical and basolateral compartments. Two Ci 3 H-inulin (Amersham Pharmacia, Piscataway, NJ) was added to the apical compartment, and filters were incubated at 4°C for 2 h. Fifty microliters of buffer were removed from the apical compartment, and 125 microliters buffer were removed from the basolateral compartment. Scintillation cocktail was added to these samples, and they were counted using a Beckman LS 5000 CE scintillation counter. Data were expressed as percent basolateral passage (basolateral counts/apical ϩ basolateral counts ϫ 100).
Immunofluorescence and image analysis. MDCK or LLC-PK cells plated on glass coverslips were fixed in PBS containing 4% paraformaldehyde for 10 min at room temperature. Cells were washed in PBS and then permeabilized in PBS containing 0.5% Triton X-100 for 5 min at room temperature. Cells were then blocked in PBS containing 0.2% BSA and 2% goat serum for 30 min at room temperature, followed by incubation with primary antibody diluted in block for 45 min at room temperature. Cells were washed in PBS containing 0.2% BSA and incubated with secondary antibodies diluted in block for 45 min at room temperature. Coverslips were washed and mounted in PBS containing 50% glycerol, 0.1% sodium azide, and 100 mg/ml 1,4diazabicyclo[2.2.2]octane (DABCO).
For actin, cells were fixed in PBS containing 3.7% formaldehyde for 10 min at room temperature. After permeabilization and blocking (as described above), coverslips were incubated with 0.1 g/ml rhodamine-phalloidin for 45 min at room temperature. Coverslips were then washed in PBS containing 0.2% BSA and mounted as described above.
Samples were viewed with a Bio-Rad MRC 1024 confocal microscope. Individual planes through the entire cell volume were collected at 0.5-m intervals. Images representing stress fiber fluorescence were generated by summing five to six sections from the base of the cell that included all in-focus stress fiber fluorescence. For all other samples, a projection image was generated by summing the z-series images through the entire cell volume into one 16-bit image.
Immunoprecipitation. Inhibitor-treated cultures were rinsed in ice-cold PBS and lysed in CSK buffer [50 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM PMSF, 0.5% Triton X-100, and 10 mM PIPES, pH 6.8] for E-cadherin and ␤-catenin, in RIPA buffer (0.15 M NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 0.05 M Tris ⅐ HCl, pH 8.0) for ZO-1, and in NP-40-containing lysis buffer for p120ctn, for 15 min on ice. Monolayers were scraped and lysates were collected. Extracts were cleared by centrifugation at 15,000 g for 5 min at 4°C. Primary antibody was added to supernatants, and tubes were rotated at 4°C for 1 h. Immune complexes were collected with protein A-Sepharose beads (Amersham Pharmacia, Piscataway, NJ) or anti-mouse IgG-conjugated Sepharose beads (ICN Biomedical, Costa Mesa, CA) and washed three times in lysis buffers. Beads were resuspended in SDS-PAGE sample buffer and separated on 7.5% SDS polyacrylamide gels.
Immunoblotting. Samples separated by SDS-PAGE were transferred to nitrocellulose filters (Bio-Rad) and blocked in Tris-buffered saline containing Tween 20 (TBST; 10 mM Tris ⅐ HCl, pH 7.5, 100 mM NaCl, and 0.1% Tween 20) containing 3% BSA and 5% nonfat dry milk (for E-cadherin, ␤-catenin, and ZO-1), and in TBST containing 1% BSA for phosphotyrosine and p120ctn. Filters were incubated with primary antibody diluted in blocking solution for 1 h at room temperature. Filters were washed in TBST for 1 h. Filters were then incubated with species-matched, HRP-conjugated secondary antibody (Amersham Pharmacia) diluted in blocking solution. Filters were again washed in TBST, and signal was detected by enhanced chemiluminescence (ECL kit; Amersham Pharmacia) and exposed to film (Kodak Bio-Max ML; Eastman Kodak, Rochester, NY).
RESULTS
Calpeptin differentially regulates stress fiber assembly in MDCK and LLC-PK epithelial cells. Calpeptin, which inhibits SHP-2, a PTPase and activates Rho GTPase in fibroblasts (49, 50) , was tested as an acute activator of Rho GTPase in epithelial cells. MDCK cells were treated with calpeptin or DMSO (vehicle control), and actin stress fibers were visualized by immunofluorescence using rhodamine-phalloidin. Calpeptin treatment resulted in disassembly of stress fibers in MDCK cells ( Fig. 1) , which was directly opposite of the expected effect if calpeptin activated Rho GTPase signaling. Interestingly, treatment of LLC-PK cells, another kidney epithelial cell line, with calpeptin induced stress fiber assembly (Fig. 1 ). The induction of stress fiber assembly in LLC-PK cells is similar to the previously reported effect of calpeptin on fibroblasts (49) ( Fig. 1) . Interestingly, the MDCK and LLC-PK cell lines displayed very different basal level of stress fibers, which may reflect differential regulation of the pathway leading to stress fiber assembly.
Calpeptin downregulates Rho GTPase activity in MDCK cells.
To determine the effect of calpeptin treatment on Rho GTPase, its activity was measured using the pull-down assay (32) . Cells lysates were incubated with GST-ROK BD (GST fusion protein containing the RhoA binding domain of Rho kinase) coupled to glutathione-Sepharose beads (1) . Bound (active RhoA) and unbound (inactive RhoA) fractions were analyzed by SDS-PAGE, followed by Western blotting with an anti-RhoA antibody (Fig. 2 , C and D). Rho GTPase activity was reduced in calpeptin-treated MDCK cells compared with the DMSO and CI-1 controls ( Fig. 2A ). CI-1 was used to control for any effects that could be due to calpain inhibition. A slight reduction in Rho activity was observed in CI-1-treated cells; however, this difference in Rho activity between DMSO and CI-1treated cells was not statistically significant. We were unable to detect elevated Rho GTPase activity in LLC-PK cells that had been treated with calpeptin, despite dramatic induction of stress fiber assembly (Fig. 2B) .
Calpeptin acts upstream from Rho GTPase in both MDCK and LLC-PK epithelial cells. To determine the placement of the calpeptin-sensitive activity within the Rho GTPase activation pathway, MDCK epithelial cells were transiently transfected with dominant active RhoA-V14, and cell cultures were treated with calpeptin at 30 h posttransfection. Cells were then doublelabeled with rhodamine-phalloidin and anti-Myc antibodies to visualize stress fibers and Myc-epitope- tagged RhoA-V14-expressing cells, respectively. In MDCK cells expressing the dominant active RhoA-V14 mutant, calpeptin treatment did not cause stress fiber disassembly (Fig. 3A) . Rather, stress fibers remained abundant in these RhoA-V14-expressing cells, suggesting that calpeptin acts upstream of Rho GTPase in MDCK cells. LLC-PK cells transfected with dominant negative RhoA-N19 and treated with calpeptin at 30 h posttransfection were unable to support calpeptin-induced stress fiber assembly (Fig. 3B ). However, a low level of stress fiber assembly could be detected in Rho-N19-expressing LLC-PK cells. This could be due to inability of Rho-N19 to sequester all of the exchange factors, thus leaving some activatable Rho that could respond to calpeptin. Alternatively, presence of stress fibers in Rho-N19 expressing LLC-PK cells treated with calpeptin suggests that calpeptin may also affect another signaling pathway in addition to Rho.
Calpeptin modulates tight junction assembly and function. Tight junction protein ZO-1 is serine/threonine and tyrosine phosphorylated (4, 52) , and changes in ZO-1 phosphorylation have been implicated in tight junction assembly regulation (14, 57) . Therefore, we analyzed the effect of calpeptin on ZO-1 phosphoryla- tion. Lysates from calpeptin-or control-treated MDCK cells were immunoprecipitated with anti-ZO-1 antibodies and probed for changes in phosphotyrosine content. ZO-2 coimmunoprecipitates in a complex with ZO-1, and both ZO-1 and ZO-2 are detected by antiphosphotyrosine antibodies in ZO-1 immunoprecipitates. Calpeptin caused a reduction of phosphotyrosine in ZO-1 and ZO-2 in MDCK cells (Fig. 4A) .
Claudins comprise a family of transmembrane proteins that produce paracellular ion channels in various cell types (18, 19, 25) . Different cell types express different combinations of claudin isoforms (56) . Analysis of protein levels of claudins 1-4 in MDCK cells treated with calpeptin did not reveal any significant changes in calpeptin-treated cells compared with control cells (data not shown).
Subcellular distribution of tight junction proteins was examined in MDCK cells by indirect immunofluorescence. Calpeptin treatment reduced the amount of ZO-1 and occludin that was distributed at cell-cell junctions in MDCK cells (Fig. 4C ). No change in claudin-1 distribution was observed in MDCK cells after calpeptin treatment (data not shown).
Treatment of LLC-PK cells with calpeptin did not change ZO-1 phosphorylation (Fig. 4B ) or subcellular distribution of ZO-1 and occludin (Fig. 4D ). As with MDCK cells, calpeptin treatment of LLC-PK cells did not affect claudin-1 protein levels or the subcellular distribution of claudin-1 (data not shown).
Paracellular permeability in calpeptin-treated MDCK and LLC-PK cells was assayed by using 3 Hinulin. No significant change in tight junction function was detected in MDCK cells (Fig. 5A ). However, despite there being no change in tight junction protein phosphorylation or distribution, calpeptin increased inulin transport in LLC-PK cells from 3.2 Ϯ 0.44 to 6.7 Ϯ 0.94% basolateral passage (P ϭ 0.001, n ϭ 6) ( Fig. 5B) .
Calpeptin modulates adherens junction assembly. Adherens junction assembly is regulated by changes in phosphorylation of cadherin-associated catenins (15) . The E-cadherin/catenin complex was immunoprecipitated from control-and calpeptin-treated MDCK or LLC-PK cells and probed for changes in phosphotyrosine content of the associated catenins by immunoblotting with antiphosphotyrosine antibodies. Calpeptin treatment of MDCK reduced the phosphotyrosine content in E-cadherin-associated ␤and ␥-catenins to 12 and 22% of control levels, respectively (n ϭ 3) (Fig.  6A) . The total cellular pool of ␤-catenin was also analyzed for changes in tyrosine phosphorylation after calpeptin treatment by immunoprecipitating ␤-catenin and immunoblotting these immunoprecipitates with antiphosphotyrosine antibodies. A nearly complete loss in phosphotyrosine content in ␤-catenin was observed after calpeptin treatment of MDCK cells (Fig. 6C ). No change in phosphotyrosine content in cadherin-associated catenin was detected in LLC-PK cells after calpeptin treatment (Fig. 6B) , but a slight increase in phosphotyrosine content of total cellular ␤-catenin was noted in LLC-PK cells that had been treated with CI-1 and calpeptin (Fig. 6D) .
Subcellular distribution of E-cadherin, ␤-catenin, and p120ctn was examined by immunofluorescence. E-cadherin and ␤-catenin showed a slightly more diffuse distribution in calpeptin-treated MDCK cells relative to control cells (Fig. 6C) ; this effect was subtle but reproducible. However, p120ctn distribution in MDCK cells was not detectably changed after calpeptin treatment ( Fig. 7E ). Adherens junction protein distribution was not altered by calpeptin treatment in LLC-PK cells ( Figs. 6F and 7F ). The E-cadherin-associated protein p120ctn has been implicated in the modulation of cadherin adhesive activity (3), and tyrosine phosphorylation modulates p120ctn association with the E-cadherin/catenin complex (15) . To study the effect of calpeptin on p120ctn phosphorylation, p120ctn was immunoprecipitated from control and calpeptin-treated cells and probed with antiphosphotyrosine antibody. Phosphotyrosine content was not detectable in p120ctn after calpeptin treatment of MDCK cells (Fig. 7A) . In contrast, calpeptin did not alter p120ctn tyrosine phosphorylation in LLC-PK cells (Fig. 7B) .
To examine the association of p120ctn with E-cadherin in response to calpeptin, p120ctn was immuno-precipitated from calpeptin-treated MDCK or LLC-PK cells, and the immunoprecipitates were immunoblotted to detect E-cadherin. The amount of E-cadherin that coimmunoprecipitated with p120ctn was reduced in calpeptin-treated MDCK cells (Fig. 7C) , whereas the p120ctn/E-cadherin complex was not affected by calpeptin in LLC-PK cells (Fig. 7D) .
Together, these results show that calpeptin inhibits Rho GTPase activity in MDCK epithelial cells and differentially regulates stress fiber and junctional complex assembly in MDCK and LLC-PK epithelial cells.
DISCUSSION
Calpeptin, a synthetic inhibitor of calpain, activates Rho GTPase in fibroblasts by inhibiting an upstream PTPase, SHP-2 (49, 50) . In this study, we have shown that the calpeptin-sensitive pathway in MDCK epithelial cells is different from that in LLC-PK cells, showing that cell line-specific differences in calpeptin stimulation exist even among different renal epithelial cell lines. Interestingly, the induction of stress fiber assembly in LLC-PK cells was not accompanied by an increase in RhoA GTPase activity, suggesting the possibility that another signaling pathway may be regulated by calpeptin. It is also unclear whether other PTPases are affected by calpeptin in the epithelial cell lines that we tested, rather than SHP-2 that is inhibited in fibroblasts (50) . However, we did determine that both MDCK and LLC-PK cells express equivalent amounts of SHP-2 (our unpublished observations).
Calpeptin treatment induced the loss of tight junction proteins ZO-1 and occludin from sites of cell-cell contact. We have previously shown that ZO-1 and occludin are displaced from cell-cell junctions in response to inhibition of Rho GTPase by dominant-negative Rho-N19 expression in MDCK cells (21) . Similar observations have been made by other groups using C3 transferase to inhibit Rho GTPase in intestinal epithelial cells (40) and MDCK cells (53) . In addition, phosphotyrosine content in ZO-1 and ZO-2 was reduced in response to calpeptin in MDCK cells. Several studies have suggested a role for tyrosine phosphorylation of ZO-1 in regulation of tight junction assembly (14, 55, 57) . Surprisingly, the calpeptin-mediated disassembly of tight junctions was not accompanied by a change in tight junction function in MDCK cells, and calpeptin caused an increase in paracellular permeability of LLC-PK cells, even though it did not affect phosphorylation or assembly of ZO-1, occludin, or claudin. Increased paracellular permeability may be mediated via other, as yet unidentified tight junction proteins or indirectly through an effect on the actin cytoskeleton. Regulation of tight junction function in a cell linespecific manner is not unprecedented. The protein kinase C activator, phorbol 12-myristate 13-acetate, decreased tight junction conductance in LLC-PK monolayers but had the opposite effect in MDCK cells, indicating that regulatory pathways controlling tight junction function vary between different epithelial cell lines (16) . MDCK and LLC-PK cells were cultured on permeable supports for 6 days and treated with DMSO, CI-1, or CP. Paracellular permeability was measured by 3 H-inulin passage from the apical to the basolateral compartment after 2 h at 4°C. Data are expressed as %basolateral passage (basolateral counts/apical ϩ basolateral counts ϫ 100). CP changed inulin transport in MDCK cells (A) from 5.1 Ϯ 0.99 to 4.3 Ϯ 0.86 (}P ϭ 0.75, t-test; n ϭ 6) and increased inulin transport in LLC-PK cells (B) from 3.2 Ϯ 0.44 to 6.7 Ϯ 0.94% basolateral passage (*P ϭ 0.001, t-test; n ϭ 6).
In the kidney, different segments of the nephron exhibit varying tightness. The tight junctions in kidney proximal tubules are fairly leaky compared with the distal tubules (10) . Furthermore, proximal tubules are more susceptible to ischemic injury than distal tubules (38, 58) . Interestingly, LLC-PK cells are thought to be derived from proximal tubules and MDCK cells from distal tubules (23) . However, it is not clear how closely these cell lines adhere to their original differentiated state, and properties characteristic of different tubule regions are coexpressed at the same time by these cells (12) . Differential paracellular permeability along the nephron is governed, in part, by expression of specific combinations of claudins (29, 44) . Paracellular permeability in epithelial cells is also regulated by various signaling pathways, and differential regulation of tight Fig. 6 . Calpeptin regulates adherens junction assembly in MDCK cells. MDCK or LLC-PK cells on glass coverslips or 35-mm dishes were treated with DMSO, CI-1, or CP for 30 min at 37°C. MDCK (A) or LLC-PK cells (B) were extracted and immunoprecipitated with antibodies against E-cadherin, separated by SDS-PAGE, transferred to nitrocellulose, and probed with antibodies against phosphotyrosine (left) or E-cadherin (right). Asterisk denotes ␤-catenin and arrowhead denotes ␥-catenin. MDCK (C) or LLC-PK cell (D) extracts were immunoprecipitated with anti-␤-catenin antibodies and probed with antiphosphotyrosine (left) or ␤-catenin (right) antibodies. MDCK (E) or LLC-PK cells (F) on coverslips were fixed and processed for indirect immunofluorescence using anti-E-cadherin or anti-␤-catenin antibodies. Each image shown is 123.75 m 2 . Fig. 7 . Calpeptin regulates tyrosine phosphorylation and association of Ecadherin with p120ctn in MDCK cells. MDCK (A) or LLC-PK cells (B) treated with DMSO, CI-1, or calpeptin were extracted and immunoprecipitated with p120ctn antibodies, separated by SDS-PAGE, transferred to nitrocellulose, and probed with antibodies against phosphotyrosine (left) or p120ctn (right). MDCK (C) or LLC-PK cells (D) treated with DMSO, CI-1, or CP were extracted and immunoprecipitated with p120ctn antibodies, separated by SDS-PAGE, transferred to nitrocellulose, and probed with antibodies against E-cadherin (left) or p120ctn (right). MDCK (E) or LLC-PK cells (F) on coverslips were fixed and processed for indirect immunofluorescence using anti-p120ctn antibody. Each image shown is 123.75 m 2 . junction function may thus reflect differences in regulatory pathways, such as the SHP-2 signaling pathway.
Calpeptin treatment of MDCK cells caused decreased distribution of E-cadherin and ␤-catenin at intercellular junctions, like that seen with inhibition of Rho GTPase by expression of dominant-negative Rho-N19 in MDCK cells (20) or C3 transferase in keratinocytes (11) and MDCK cells (53) . Adherens junction assembly is regulated by tyrosine phosphorylation of catenins (15) . Calpeptin-treated MDCK cells exhibited a loss of phosphotyrosine on ␤-, ␥-, and p120ctn catenins. It is not clear how this change in catenin phosphorylation affects adherens junction assembly in calpeptin-treated MDCK cells.
Tyrosine phosphorylation of p120ctn regulates its association with cadherin: increased tyrosine phosphorylation of p120ctn may promote cadherin binding (3) . In breast carcinoma cells, p120ctn exhibited stronger binding to E-cadherin when it was tyrosine phosphorylated (28) . Similarly, phosphorylation of p120ctn by pp60 c-src enhanced its ability to associate with Ecadherin by fourfold in in vitro experiments (47) . Calpeptin treatment reduced p120ctn tyrosine phosphorylation and decreased its association with E-cadherin in coimmunoprecipitation experiments. Interestingly, cytosolic p120ctn has been reported to be unphosphorylated (41, 54) , and free cytoplasmic p120ctn inhibits Rho GTPase activity (2, 22, 39) , inducing a dendritic branching phenotype in cells (45) . A role for tyrosine phosphorylation of p120ctn in Rho GTPase inhibition has not been established. However, the NH 2 -terminal region of p120ctn that contains seven out of eight tyrosine phosphorylation sites (34) has been shown to be critical for induction of the dendritic branching phenotype. Reduced tyrosine phosphorylation of p120ctn induced by calpeptin may lead to an inhibition of Rho GTPase activity in MDCK cells by modulating the association of p120ctn with E-cadherin.
Alternatively, the loss of p120ctn tyrosine phosphorylation observed in calpeptin-treated MDCK cells may also be a consequence of Rho GTPase downregulation. In keratinocytes, Rho GTPases and Fyn/Src tyrosine kinases were implicated in positive regulation of cellcell adhesion. Activated Rho GTPase was shown to increase tyrosine phosphorylation of p120ctn by activating PRK2, which activates Fyn tyrosine kinase (13) . We have noted that expression of dominant-active Rho-V14 in MDCK cells caused an accumulation of p120ctn at sites of cell-cell contact, and expression of dominantnegative Rho-N19 caused a loss of p120ctn from cellcell junctions (our unpublished observations).
Other potential regulation points of p120ctn on Rho signaling were examined during our studies. Association of p120ctn with vav2, a GEF for Rho family GTPases, regulates Rho GTPase activity (39) . We were unable to detect any change in the p120ctn-vav2 complex in response to calpeptin treatment in MDCK cells (data not shown). Tyrosine phosphorylation of vav2 is another mechanism for regulating Rho GTPase activity (33, 51) . We were unable to detect tyrosine phos-phorylation of vav2 in control or calpeptin-treated MDCK cells (data not shown). Rho GTPase activity is also regulated by p190RhoGAP; tyrosine phosphorylated p190RhoGAP downregulates Rho GTPase activity (6) . However, we did not detect an increase in tyrosine phosphorylation of p190RhoGAP in calpeptintreated cells (data not shown).
SHP-2 plays an important role in several growth factor-mediated signaling pathways and has been demonstrated to bind several signaling intermediates (reviewed in Ref. 42) . Recent studies in MDCK cells suggest an inhibitory effect of dominant active SHP-2 on Rho activity (31) . This raises the possibility that calpeptin may regulate junctional complex assembly and function in MDCK and LLC-PK cells by targeting a protein other than SHP-2. Calpeptin induces stress fiber assembly in LLC-PK cells without an effect on Rho activity, suggesting that the calpeptin-sensitive signaling pathway may be completely separate from the Rho GTPase signaling pathway. The differential regulation of the actin cytoskeleton, cadherin/catenin complexes, and tight junctions by calpeptin in MDCK and LLC-PK cells also suggests that distinct regulatory pathways are functional in the two renal epithelial cell lines leading to differential regulation of cell adhesion and permeability.
